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The 53Mn–53Cr decay system, in which 53Mn decays to 53Cr (t1/2 = 3.7 Ma) has been widely used to construct
53Cr/52Cr vs.
55Mn/52Cr isochrons and thus determine relative ages of early solar system objects or events, assuming that the initial Cr iso-
topic ratio, (53Cr/52Cr)o, equals (
53Mn/52Cr)o. With the primary objective of interpretation of these ages within a diﬀusion
kinetic framework, we have determined the tracer diﬀusion coeﬃcient of Cr in natural spinels, which are very close to the
MgAl2O4 end-member composition, as a function of temperature and oxygen fugacity (f(O2)). It is found that the diﬀusion
coeﬃcient of Cr, D(Cr), in two stocks of spinels (referred to as cut-gems and gem-gravels) with very similar major element
chemistry is consistently diﬀerent, but the data in each stock yield well deﬁned Arrhenius relations that show a diﬀerence
of log D of 0.6–1.0, depending on temperature, with the D(Cr) in gem-gravel being higher than that in the cut-gem stock.
The D(Cr) was found to have a positive dependence on f(O2) in the range of f(O2) of around ±2 log units relative to that
of the wu¨stite–magnetite buﬀer. The diﬀerence in the D(Cr) between the two stocks and the observed D(Cr) vs. f(O2) relation
has been explained in terms of a change of point defect concentration resulting from heterovalent substitution of trace ele-
ments and equilibration with the imposed f(O2) conditions, respectively. Assuming a homogeneous semi-inﬁnite matrix,
the closure temperature (Tc) of Cr diﬀusion in spinel has been calculated as a function of grain size, cooling rate, peak tem-
perature (To) and f(O2). Also the dependence of D(Cr) and Tc(Cr) on the Cr# (i.e. Cr/(Cr + Al) ratio) has been accounted for
using available D(Cr) vs. Cr# data in Suzuki et al. (2008). We argue, on the basis of crystal chemical considerations and avail-
able diﬀusion kinetic data for minerals, that the Tc for Mn should be much lower than that for Cr in spinel, olivine and
orthopyroxene, and discuss the potential implications of the anticipated disparity between Tc(Cr) and Tc(Mn) for the estima-
tion of the (53Mn/55Mn)o ratio from an internal isochron deﬁned by these minerals. Finally, we discuss the problem of deter-
mining the Tc for an internal isochron in relation to the individual Tc(Cr) for spinel, olivine and orthopyroxene.
 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. INTRODUCTION
Spinel is a common oxide mineral found in ultramaﬁc
rocks and chondritic meteorites and often displays compo-
sitional zoning of the divalent cations, Mg and Fe, and thehttp://dx.doi.org/10.1016/j.gca.2015.11.018
0016-7037/ 2016 The Authors. Published by Elsevier Ltd.
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E-mail address: ganguly@email.arizona.edu (J. Ganguly).trivalent cations, Cr and Al. The diﬀusion parameters for
these cations in spinel are, therefore, of considerable inter-
est as they permit modeling of the observed compositional
zonings to constrain the thermal history of the host rocks
(e.g. Ozawa, 1984) and also analysis of diﬀusion controlled
creep (Suzuki et al., 2008). In addition, Cr diﬀusion in spi-
nel is of speciﬁc interest in the problem of 53Mn–53Cr cos-
mochronology of the early solar system objects (e.g. Birck
and Allegre, 1985, 1988; Lugmair and Shukolyukov,tivecommons.org/licenses/by-nc-nd/4.0/).
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lived radionuclide 53Mn decays to 53Cr by electron capture
with a half-life of 3.7 ± 0.4 My (Honda and Imamura,
1971), which is one of the longer half-lives among the
short-lived nuclides used in early solar system chronology.
It has, thus, emerged as an important tool to constrain
the relative ages of events within the ﬁrst 20 Ma of solar
system evolution when 53Mn was still extant. Excess 53Cr
relative to terrestrial values has been detected in diﬀerent
types of primitive material such as Ca–Al-rich inclusions
or CAIs (Birck and Allegre, 1985, 1988; Papanastassiou
et al., 2005), chondrules (Nyquist et al., 2001a, 2009; Yin
et al., 2007), ordinary chondrites (Lugmair and
Shukolyukov, 1998; Nyquist et al., 2001b, 2009), carbona-
ceous chondrites (Birck et al., 1999; Moynier et al., 2007;
Go¨pel et al., 2015); CI carbonates (Endress et al., 1996;
Hutcheon and Phinney, 1996; Hutcheon et al., 1999; Jilly
et al., 2014), enstatite chondrite sulﬁdes (Wadhwa et al.,
1997), and various achondrites (Lugmair and
Shukolyukov, 1998; Nyquist et al., 2001b). Nyquist et al.
(2009) provided a compilation of 53Mn–53Cr ages, along
with the ages determined by short-lived decay systems in
igneous diﬀerentiated meteorites and chondrules from ordi-
nary chondrites.
In two earlier studies, Ito and Ganguly (2006) and
Ganguly et al. (2007) determined the Cr diﬀusion kinetics
in olivine and orthopyroxene, respectively, as function of
temperature, f(O2) and crystallographic direction, and
explored their implications for the 53Mn–53Cr chronology
of early solar system objects. In this work, we extend the
study to spinel, another mineral that has been used to deﬁne
Mn–Cr internal isochrons. Since spinel has very low Mn/Cr
ratio, it serves as an important ‘‘anchor” for deﬁning the
relationship between 53Cr/52Cr and 55Mn/52Cr ratios of
minerals, which ultimately enables determination of the
age of a sample relative to a reference age, as discussed
later.
There have been two previous studies on Cr3+ diﬀusion
in spinel, one by Stubican and Osenbach (1984) and the
other by Suzuki et al. (2008). The ﬁrst group determined
volume diﬀusion of 51Cr tracer isotope in spinel as a
by-product of their experimental investigation of grain
boundary diﬀusion of Cr in spinel at 1400–1650 C and 1 bar
pressure, using stoichiometric MgAl2O4 spinel synthesized
by a fusion cast method. Suzuki et al. (2008), on the other
hand, studied coupled Fe–Mg and Cr–Al inter-diﬀusion in
spinel at 3–7 GPa, 1400–1700 C. Both of these studies were
carried out at conditions that are far removed from those
relevant to the understanding of diﬀusion kinetic control
in 53Mn–53Cr cosmochronology. Extrapolation of these
data to the conditions of interest for this cosmochronology
in early solar system events is associated with such large
uncertainty as to render them practically meaningless for
understanding the diﬀusion kinetic eﬀects on 53Mn–53Cr
chronology. In this study, we have thus carried out tracer
diﬀusion experiments of Cr in spinel at 1 bar, 950–1200 
C under controlled f(O2) conditions to better constrain its
diﬀusion kinetic behavior at conditions of planetary pro-
cesses, and explored its implication for the 53Mn–53Crchronology of early solar system objects, taking into
account the likely diﬀusion kinetic property of Mn in spinel.
2. EXPERIMENTAL STUDIES
2.1. Starting material
For diﬀusion experiments, we used two independently
acquired stocks of natural spinel crystals of very similar
major element chemistry, Mg0.98–0.99Fe0.02–0.01Al1.99O4,
from Okkampitiya, Moneragala District, Uva Province,
Sri Lanka. Both stocks were of gem quality, but one came
as faceted relatively large (3  5  7 mm) and expensive
single crystals and was said to have been mined from rocks,
while the other consisted of irregular shaped smaller crys-
tals (3  5  5 mm) and was said to have been collected
from gravels. All grains were transparent and violet to dark
pink in color. For convenience, we refer to the two diﬀerent
sample stocks as ‘‘cut- gems” and ‘‘gem-gravels”, respec-
tively. Microprobe spot analyses (carried out in a Cameca
SX100 unit) of the grains show them to be chemically
homogeneous at both intra-granular and inter-granular
scales. Full chemical analysis of two representative grains
from each stock is given in Table 1. The data represent
the mean of 20 spot analyses (±1r) that were widely dis-
tributed over the polished surface of each grain.
Initially a wave length dispersive scan of the samples at
25 kV, 299 nA was carried out to identify the trace ele-
ments. The conditions for the quantitative analyses were
as follows: 25 kV, 20 nA, with 20 s peak times for Al,
Mg, Fe, Zn, and 25 kV, 299 nA for all others; the peak
time for each element in the latter group was 30 s, except
for Ta for which the peak time was 40 s. The background
times were the same as the peak times, except for Zn,
which had a one-sided background of 10 s. Corrections
were made for possible interference of Ti Kb on V Ka,
V Kb on Cr Ka, and Cr Kb on Mn Ka. The standards
were Mg- and Al-rich spinel for Mg and Al, Cr-spinel
for Fe and Cr, ZnO for Zn, olivine (Fo92) for Si, rutile
for Ti, V metal for V, Ni metal for Ni, rhodochrosite
for Mn and LiTaO3 for Ta.
All samples chosen for diﬀusion experiments were care-
fully checked under an optical microscope to ensure that
they were free of inclusions and fractures. To minimize
material loss, the larger crystals were cut into several
1–2 mm thick wafers using a diamond-studded wire saw.
These wafers were mounted in epoxy and polished stepwise
down to a 0.3-micron ﬁnish using alumina abrasives. Epoxy
mounts were cut using a low-speed saw and soaked in ace-
tone to release the polished samples. Samples were then re-
polished by hand for 30 s using colloidal silica suspension
on OP-chem cloth from Struers; the last step was intended
to remove potentially damaged near surface layers pro-
duced by the abrasive eﬀect of mechanical polishing. The
samples were then placed in an ultrasonic bath for twenty
minutes to remove any remaining surface residues. The time
necessary for the last step was determined by testing
‘‘dummy” samples that were checked under a binocular
microscope at diﬀerent time steps to see the improvement/
Table 1
Compositions of two stocks of spinels (Gem-gravel and Cut-gem) used in the diﬀusion experiments. The data represent the mean of 20 spot
analyses on each sample; r stands for standard deviation from the mean.
Oxides Gem-gravel Cut-gem Gem-gravel Cut- gem
wt% (mean) 1r wt% (mean) 1r Cations (mean) 1r Cations (mean) 1r
Al2O3 71.513 0.188 71.288 0.130 Al 1.993 0.230 1.993 0.002
MgO 27.875 0.090 28.056 0.108 Mg 0.983 0.002 0.992 0.003
FeO 1.190 0.033 0.594 0.028 Fe 0.024 0.001 0.012 0.001
ZnO 0.016 0.020 0.174 0.030 Zn 2.9E04 3.6E04 0.003 0.001
NiO 0.017 0.004 0.003 0.001 Ni 3.2E04 8.6E05 5.0E05 1.4E05
SiO2 0.030 0.003 0.029 0.003 Si 0.001 0.000 0.001 0.000
TiO2 0.007 0.002 0.004 0.002 Ti 0.000 0.000 0.000 0.000
Cr2O3 0.056 0.001 0.071 0.003 Cr 0.001 0.000 0.001 0.000
V2O3 0.005 0.001 0.010 0.001 V 9.6E05 1.6E05 1.6E04 1.6E05
MnO 0.018 0.002 0.016 0.001 Mn 3.7E04 3.0E05 3.3E04 3.0E05
Ta2O5 0.043 0.007 0.004 0.004 Ta 2.7E04 4.6E05 2.4E05 2.7E05
Total 100.753 0.203 100.246 0.186 Cations 3.002 3.002
ppm ppm
Ta 343 58 30 35
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increase of polishing time.
2.2. Diﬀusion experiments
All experiments were conducted in a vertical gas-mixing
furnace at controlled f(O2) conditions imposed by a com-
puter controlled ﬂowing mixture of CO and CO2. The
experimental conditions and data are summarized in
Table 2. The polished spinel samples were thermally pre-
annealed for 24–72 h at or close to the temperatures and
f(O2) conditions for diﬀusion experiments to equilibrate
the point defects that are aﬀected by T  f(O2) conditions
and eliminate the line defects. A thin layer of diﬀusant
was deposited on a polished sample surface by thermal
evaporation of 0.5 mg of Cr2O3 (99.8% pure) under high
vacuum (4.3  105 mbar). In order to induce a diﬀusion
proﬁle, samples with a surface layer of Cr were annealed
at temperatures between 950 and 1200 C at 1 bar for
desired lengths of time in the gas mixing furnace. An inter-
nal zirconia sensor placed within 1.5 cm of the sample loca-
tion, and with a reference junction at f(O2) of air, was used
to monitor f(O2) condition continuously during each exper-
iment. For the experiments reported in Table 2, there was
excellent agreement, within 0.01 to 0.02 V, between the
emf calculated for the intended f(O2) condition and that
recorded by the zirconia sensor. (Using the Nernst relation,
it can be easily shown (e.g. Ganguly, 2008) that the equilib-
rium f(O2) imposed by the CO–CO2 mixture and the emf of
the zirconia sensor are related according to emf = (RT/4F)
ln (f(O2)eq/f(O2)air), where F is the Faraday constant). The
f(O2) values reported in the Table 2 correspond to those
calculated from the imposed CO/CO2 mixing ratio. For
experiments intended to determine the temperature depen-
dence of the diﬀusion coeﬃcient, the f(O2) conditions were
controlled to those deﬁned by the wu¨stite–magnetite (WM)
buﬀer. A limited number of experiments were also con-
ducted at 1100 C at f(O2) conditions 2.1 log units above
and 2.0 log units below the WM buﬀer to study the eﬀectof f(O2) on Cr diﬀusion in spinel. The choice of f(O2) of
WM buﬀer for the bulk of our experiments was dictated
by the desire to minimize the use of CO, which is an expen-
sive and toxic gas, and at the same time to have a low f(O2)
condition.
Experimentally induced Cr diﬀusion proﬁles were mea-
sured by depth-proﬁling with a Cameca ims 6f Secondary
Ion Mass Spectrometer (SIMS) housed in the School of
Earth and Space Exploration at the Arizona State Univer-
sity. The details about the analytical protocol are discussed
in the next section. The eﬀect of ion beam mixing on diﬀu-
sion proﬁles (e.g. Montandon et al., 2006) in the SIMS
analysis, which is discussed below, was evaluated by con-
ducting zero time experiments (ZTE) in which a dummy
sample was analyzed under identical analytical conditions
as employed for the samples from the diﬀusion experiments.
This sample was prepared by depositing the diﬀusant mate-
rial on a polished surface of a spinel crystal in the same way
as in the diﬀusion experiments and annealing it at 900 C
for 50 min, which is too short to induce signiﬁcant Cr diﬀu-
sion at this temperature. The durations of the diﬀusion
experiments were such that the proﬁle lengths are at least
three times the ZTE proﬁle, which is 350 A˚. Overall the
proﬁle lengths of the diﬀusion experiments are 3–10 times
the ZTE proﬁle. Time series experiments were conducted
at 1100 C and f(O2) condition of WM buﬀer to assess if
there was any contribution from non-diﬀusive processes
to the development of the concentration proﬁles of Cr in
spinel.
2.3. Measurement and modeling of diﬀusion proﬁles
For the purpose of SIMS analysis, a thin ﬁlm of Au was
deposited on the sample surface to dissipate the electro-
static charge resulting from interaction with the primary
ion beam (PIB), which consisted of 16O2
 ions accelerated
at 12.5 kV. The PIB, with an average current of 22 nA,
was rastered over 125  125 lm2 area for depth proﬁling.
Positive secondary ions were accelerated to the mass
Table 2
Experimental conditions and modeled Cr diﬀusion coeﬃcients.
Run # T (C) Time (h) D (1r) (m2 s1) Log D (1r) (m2 s1) Log f(O2) (bars)
‘‘Cut Gem” Cr-Sp-1200 1200 24.4 1.15 (±0.14)  1020 19.94 ± 0.05 9.30 (WM)
Cr-Sp-1200 1200 24.4 9.00 (±0.12)  1021 20.05 ± 0.06 9.30 (WM)
Cr-Sp-1150-gem 1150 67.1 4.15 (±0.52)  1021 20.38 ± 0.05 10.09 (WM)
Cr-Sp-1150-gem 1150 67.1 4.10 (±0.41)  1021 20.39 ± 0.04 10.09 (WM)
Cr-Sp-1100  3 1100 59.9 3.05 (±0.46)  1021 20.52 ± 0.07 10.94 (WM)
Cr-Sp-1100  3 1100 59.9 2.50 (±0.44)  1021 20.60 ± 0.08 10.94 (WM)
Cr-Sp-1100  4a 1100 119.7 2.25 (±0.25)  1021 20.65 ± 0.05 10.94 (WM)
Cr-Sp-1100-WM + 2 1100 83.8 9.10 (±0.11)  1021 20.04 ± 0.005 8.82 (WM + 2.1)
Cr-Sp-1100-WM + 2 1100 83.8 9.40 (±0.93)  1021 20.04 ± 0.04 8.82 (WM + 2.1)
Cr-Sp-1100-WM  2 1100 226 1.30 (±0.13)  1021 20.89 ± 0.04 12.94 (WM  2)
Cr-Sp-1100-WM  2 1100 226 1.40 (±0.16)  1021 20.85 ± 0.05 12.94 (WM  2)
Cr-Sp-950  2 950 587.1 2.40 (±0.45)  1022 21.62 ± 0.08 13.89 (WM)
‘‘Gem Gravel” Cr-Sp-1150a 1150 24.3 4.20 (±0.20)  1020 19.38 ± 0.02 10.09 (WM)
Cr-Sp-1150a 1150 24.3 4.20 (±0.42)  1020 19.38 ± 0.04 10.09 (WM)
Cr-Sp-1150a 1150 24.3 3.80 (±0.36)  1020 19.42 ± 0.04 10.09 (WM)
Cr-Sp-1100  2 1100 21.3 1.38 (±0.28)  1020 19.86 ± 0.09 10.94 (WM)
Cr-Sp-1100  2 1100 21.3 1.05 (±0.15)  1020 19.98 ± 0.06 10.94 (WM)
Cr-Sp-1100  5 1100 91.2 1.58 (±0.17)  1020 19.80 ± 0.05 10.94 (WM)
Cr-Sp-1100  5 1100 91.2 1.55 (±0.14)  1020 19.81 ± 0.04 10.94 (WM)
Cr-Sp-1050  2 1050 24.1 5.50 (±1.48)  1021 20.26 ± 0.12 11.86 (WM)
Cr-Sp-1050  2 1050 24.1 5.00 (±1.52)  1021 20.30 ± 0.13 11.86 (WM)
Cr-Sp-1025 1025 75.1 4.50 (±0.59)  1021 20.35 ± 0.06 12.34 (WM)
Cr-Sp-975 975 131.3 1.47 (±0.18)  1021 20.83 ± 0.05 13.35 (WM)
a Denotes diﬀusion proﬁle ﬁt using Eq. (2) solution. All other proﬁles were ﬁt with Eq. (1).
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ondary ions from the crater walls, a ﬁeld aperture was
placed in the pathway of the secondary beam to allow only
ions originating from a 30 lm-diameter circular area in the
center of the crater into the mass spectrometer. This proce-
dure eﬀectively eliminates the surface and crater wall ions
from entering the mass spectrometer (Bloch et al., 2015).
In earlier studies from our group, an O PIB was used
for SIMS depth proﬁling (e.g. Ganguly et al., 1998a; Ito
and Ganguly, 2006; Sano et al., 2011). However, in the
course of this and two other contemporary studies from
our group (Bloch and Ganguly, 2014; Bloch et al., 2015),
we explored the use of an O2
 PIB. Since O2
 breaks apart
into two O ions upon impacting the sample, the kinetic
energy (KE) of the O beam is half that of the O2
 PIB, dis-
regarding the energy loss on impact. Consequently, the
velocity of the derived O atoms must be the same as (or
smaller than, if energy loss on impact is taken into account)
that of the parent O2
 PIB. On the other hand, an O PIB
accelerated at the same voltage setting as an O2
 PIB would
have traveled at signiﬁcantly higher velocity because of its
smaller mass. Thus, under the same voltage setting, the
KE of an O PIB should be considerably higher than that
of O beam derived from splitting an O2
 PIB. The reduced
KE of the derived O atoms should be expected to consider-
ably reduce the eﬀect of ion-beam mixing relative to that
arising from using an O PIB under the same voltage set-
ting. Of course, one can reduce the KE of an O PIB by
reducing the voltage, but this procedure causes inferior
focusing of the PIB. The expected ion beam mixing eﬀect
was tested by comparing the depth proﬁles determined by
using O and O2
 primary ion beams on the same samplefrom a zero-time experiment (ZTE) in this and earlier stud-
ies. Speciﬁcally in this study, it was found that the length of
the Cr proﬁles in the ZTE were considerably shorter
(25%) for O2 PIB than that for O PIB under otherwise
identical set of analytical protocols in the same analytical
season.
Cr diﬀusion proﬁles were measured as the change in sec-
ondary ion intensities (counts per second) of 52Cr with
depth. The count rates for several non-diﬀusing species
(26Mg, 27Al, 56Fe, and 197Au) were also measured sequen-
tially during the sputtering process in order to monitor
the stability of the analyses and to help determine the loca-
tion of the thin ﬁlm and crystal surfaces. Secondary ion
intensities of the species were obtained in peak switching
mode, with each measurement cycle requiring 2 s for Cr
and Au, 1s for Fe, and 0.5 s for Mg and Al. A total of
150–300 measurement cycles were typically obtained in
each proﬁle analysis. A typical depth proﬁle for 52Cr and
selected non-diﬀusing species in spinel is shown in Fig. 1.
The crater depth within a sample was measured by an
Alphastep 200 surface proﬁlometer that was calibrated
periodically against known standards. The crater depths
ranged between 2650 and 6250 A˚, with an average error
of 1% in each crater. The error in a crater depth measure-
ment was estimated on the basis of measurements along
four pair of proﬁlometer lines, with the lines in each pair
being normal to one another. The crystal surface (x = 0)
below the thin ﬁlm has been assumed to approximately
coincide with the position where the 197Au signal intensity
was reduced to 80% of its peak value during depth proﬁling.
The rationale for this practice lies in the correspondence
between the 197Au signal intensity and depth of the Au ﬁlm,
Fig. 1. SIMS depth proﬁle of 52Cr along with that of 197Au
(surface layer) and the non-diﬀusing species 56Fe in a gem-gravel
spinel that was diﬀusion annealed at 1150 C for 24.3 h at f(O2)
conditions corresponding to the WM buﬀer. The crystal surface
was located to coincide with the depth at which the 197Au was
reduced to 80% of its peak value as shown by the long dashed
vertical line. The short dashed vertical line represents the limit of
the SIMS transient zone from which data are neglected for the
purposes of modeling.
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sis. Data within a transient zone of 400 A˚ (Fig. 1) were
neglected for the purpose of modeling diﬀusion proﬁles.
The width of the transient zone corresponds to the domain
within which the count rates of the non-diﬀusing species
were found to change rapidly and were sometimes erratic.
There is sharp rise in the count rate of 56Fe within and
beyond the transition zone as the distance approaches zero
(Fig. 1). Since the crystal had a uniform initial Fe content
and there is no source of Fe on the crystal surface, this rise
of the count rate of 56Fe is interpreted to be due to change
of chemistry of crystal surface resulting from energetic
interaction of the PIB and mixing (diﬀerent species show
diﬀerent behavior) until a steady state is reached after sev-
eral analytical cycles. On the other hand, the slow but pro-
gressive drift of the 56Fe signal with increasing depth
beyond the transition zone is due to the lack of adequate
charge compensation scheme in Cameca software. This
problem has been ﬁxed later, but unfortunately after all
data for this project were collected and modeled. We have,
however, tested the eﬀect of improved charge compensation
scheme and found it to somewhat extend the length of a
proﬁle relative to that measured without charge compensa-
tion, thereby causing a change of retrieved D(Cr) value by a
factor of 1.2. All results (Table 2) are presented using
SIMS depth proﬁling data without charge compensation.
With respect to applications of the diﬀusion data to calcu-
late closure temperatures of Cr diﬀusion in spinel, we found
that increasing D(Cr) by a factor of 1.2 lowers the closure
temperature by 7 C for conditions of planetary interest.
Most experimental proﬁles were best ﬁt with the con-
stant source solution to the diﬀusion equation for diﬀusion
into a semi-inﬁnite medium. However, some of the long
proﬁles were best ﬁt with the solution of the diﬀusion equa-
tion for diﬀusion into a semi-inﬁnite medium from a thin
ﬁlm plane source, in which the concentration of the diﬀu-
sant became depleted with time. The solutions of these
two types of diﬀusion problems are given by Crank
(1975) for zero initial concentration. For arbitrary initial
composition in a homogeneous medium, the solutions in
Crank (1975, Eqs. 2.45 and 2.7) for constant source and
thin ﬁlm problems modify, respectively, to
Cðx; tÞ  C1








Cðx; tÞ  C1




where Cs is the ﬁxed concentration of the diﬀusing species
at the crystal surface, C(x,t) is the concentration at a dis-
tance x and time t, C1 is the concentration at a suﬃciently
large distance into the substrate such that it represents the
constant initial concentration, A is a constant and D is
the diﬀusion coeﬃcient that is assumed to be a constant
at a ﬁxed temperature. It can be easily veriﬁed that the
above solutions satisfy the diﬀusion equation, @C/@t = D
(@2C/@x2), and the boundary conditions (C(x,t) = C1 at
x 0 in both cases, and equal to Cs at x = 0, t > 0 for
constant source problem). For a ﬁxed T–t condition, the
pre-exponential term in Eq. (2) becomes a constant. Tocompare with the solution given in Crank (1975, Eq. 2.7)
for zero initial condition, the term A equals M/C(0,t)
(p)1/2, where M is as deﬁned therein.
Figs. 2a and b show representative model ﬁts to the
measured depth proﬁles for 52Cr according to the above
solutions. The thin ﬁlm solution was used only when the
inﬁnite source solution deviated progressively from the
measured data near the crystal surface as x? 0. The data
modeled by thin ﬁlm solution are marked in Table 2 by
the supercsript letter a. The quality of ﬁts according to
the two solutions to the data illustrated in Fig. 2b is com-
pared in Fig. 2c. It is noted that both solutions yield com-
parable values for D(Cr), within 0.2 log units, but we
preferred the thin ﬁlm solution because of the superior
quality of ﬁt to the measured data.
We also show in Fig. 2 the Cr/(Cr + Al) within the diﬀu-
sion zone of spinel. These values were calculated from the
ratio of the secondary ion intensities of Cr, Al, and Mg,
deﬁned as I(b)/I(Mg) where b represents Cr or Al, the wt%
of MgO as determined from the microprobe analysis, and
the sensitivity factor (F) of b relative to Mg, according to





The parameter F was calculated from the secondary ion
intensities of b (i.e. Al or Cr) and Mg beyond the diﬀusion
zone and the b2O3 and MgO contents in this zone (Table 1).
The wt% b2O3 was then converted to molar Cr/(Cr + Al).
2.4. Results
The results of time series experiments are summarized in
Table 2 and illustrated in Fig. 3. The error bars on the
data points in this and other ﬁgures were calculated
following the procedure in Sano et al. (2011). It accounts
for the errors in the location of crystal surface (±50 A˚),
determination of crater depth and scatter of the
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coeﬃcient obtained from experiments with gem-gravels to
be 0.8 log units greater than that obtained using the cut-
gem stock of spinel samples. The diﬀusivity of Cr in the
gem-gravel stock has been found to consistently greater
by 0.6–1.0 log units (increasing with temperature), than that
in the cut-gem stock within the experimental range of tem-
peratures. This is a surprising but interesting ﬁnding that
merits careful consideration of the role of point defects aris-
ing from small diﬀerences in the concentration of minor ele-
ments in spinels of otherwise quite similar compositions. A
detailed study of this nature is, however, beyond the scope
of the present work. Nonetheless, we present below (Sec-
tion 2.5.1) a qualitative explanation about the probable
cause of the diﬀerence between the D(Cr) data for the two
stocks of spinel crystals.
The results for Cr diﬀusion experiments in spinel are pre-
sented in Table 2 and the diﬀusion data at diﬀerent tempera-
tures for f(O2) corresponding to that of the WM buﬀer
condition are illustrated in Fig. 4. Weighted least squares
regression to the log D(Cr) at the WM buﬀer vs. 1/T yields
the following diﬀusion parameters (±1r) that are related to
the diﬀusion coeﬃcient according to the Arrhenius relation,
D = Doexp(E/RT), where E is the activation energy of
diﬀusion.Cut gem Gem gravellog Do (m
2 s1) 12.3(±0.3) 9.2(±0.3)Do (m
2 s1) 5.01(±3.46) (1013) 6.31(±4.36) (1010)Eeﬀ (kJ/mol) 219(±35) 277(±37)Fig. 2. SIMS depth proﬁle data (symbols) for Cr diﬀusion in two
spinels and model ﬁts to the data (solid lines) according to the
solution of the diﬀusion equation for (a) ﬁxed surface concentra-
tion and (b) thin ﬁlm source condition. The depth proﬁle data have
been normalized by the left hand quantity of Eq. (1) for (a) and
that of Eq. (2) for (b). The performance of the two solutions for the
data in (b) is compared in (c); upper curve: thin ﬁlm solution
(D(Cr) as in b), lower curve: solution for ﬁxed surface concentra-HereEeﬀ stands for the activation energy resulting from tem-
perature variation along the WM buﬀer. Henceforth, diﬀu-
sion parameters deﬁned for a speciﬁc f(O2) buﬀer is
indicated by the subscript eﬀ. The error bars of the diﬀusion
parameters were calculated according to the statistical
method given in Liermann and Ganguly (2002) and Tirone
et al. (2005).
The f(O2) dependence of Cr diﬀusion was studied using
only ‘‘cut gems” within a range of log f(O2) (with f(O2) in
bars) of 12.9 to 8.8. Increasing f(O2) was found to
enhance the Cr diﬀusion in spinel, and the results (Fig. 5),
yield the following relation upon least squares regression
log D ¼ 0:205ð0:015Þ log f ðO2Þ  18:3ð0:2Þ: ð4Þ
tion (D(Cr) = 5.0(±0.36)1020 m2/s). The samples were annealed at
f(O2) corresponding to that of the WM buﬀer. The crystal surface
(x = 0) was located to coincide with the depth at which the 197Au
reduced to 80% of its peak value. The data within the transient
zone were neglected for the purpose of modeling.2.5. Discussion
2.5.1. Time series experiments and apparent discrepancy
between D(Cr) in diﬀerent stocks of spinels
The results of time series experiments (Table 2, Fig. 3)
do not reveal any interference from non-diﬀusive processes
to the development of the diﬀusion proﬁles. On the other
hand, the consistent diﬀerence between the D(Cr) data of
the two stocks of spinels (Figs. 3 and 4), despite exactly
the same experimental protocols and very similar major ele-
ment chemistry is puzzling, but interesting. We think that
an explanation should be sought in terms of diﬀerences in
extrinsic vacancy concentrations, which are not related tothe oxidation state of transition metal ions in the two
stocks, since this type of point defects are not aﬀected by
pre-annealing or f(O2) condition. This prompted us to care-
fully look at the minor and trace element concentrations by
wave length dispersive analysis, as discussed above (Sec-
tion 2.1). All trace elements that were found to be present
in detectable concentrations in the wave length dispersive
analysis have been reported in Table 1. Upon comparing
Fig. 3. Time series experiments of Cr diﬀusion in spinel at 1 bar,
1100 C, f(O2): WM buﬀer. Vertical error bars are ±2r.
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gem-gravel has a Ta content of 340 ± 60 (1r) ppm,
whereas in the cut-gem the Ta content is not detectable
within the analytical error (30 ± 35 ppm). The valence state
of Ta has been found to be 5 + at f(O2) ranging between
IW + 6.7 and IW  4.3 (IW: iron–wu¨stite buﬀer) at 1400–
1600 C (Burnham et al., 2012). It is, thus, reasonable to
assume that Ta in spinel is also at 5+ state and is com-
pletely restricted to the octahedral site because of its ionic
radius (no mineral is known in which Ta substitutes in
tetrahedral site; the table of ionic radius of Shannon,
1976, lists the oxygen coordination numbers of Ta5+ as
VI, VII and VIII). In that case, substitution of Ta5+ for
trivalent octahedral cations in spinel would require forma-
tion of extrinsic cation vacancies to preserve charge bal-
ance. These extrinsic vacancies could have facilitated
relatively rapid diﬀusion of Cr3+ in the gem-gravels com-
pared to the cut-gems. If this is accepted, then the diﬀusion
of an octahedral cation does not take place completely via
tetrahedral vacancies, as suggested by Murphy et al. (2009),
but by a combination of tetrahedral and (extrinsic) octahe-
dral vacancies. The possibility of enhancement of diﬀusivityFig. 4. Arrhenius plot of diﬀusion coeﬃcients of 52Cr in spinel at
1 bar and f(O2) of the WM buﬀer. The data for gem-gravel spinels
are represented by squares, whereas those for cut-gem spinels by
circles. Vertical error bars are ±2r. Solid lines are weighted least
square ﬁts to the data. Dotted lines represent the ±2r error
envelopes (95% conﬁdence interval) of the log D values predicted
from the Arrhenius relations, accounting for the covariance of the
parameters.through creation of extrinsic vacancies via heterovalent
trace element substitutions in crystals needs to be carefully
considered in the application of diﬀusion data to natural
samples and inter-laboratory comparison of data.
2.5.2. Implication of the eﬀect of f(O2) on diﬀusion
coeﬃcient
The dependence of D(Cr) on f(O2) (Fig. 5 and Eq. (4)) is
very close to the 1/6th (0.17) power dependence of vacancy
concentration on f(O2) expected from thermodynamic
treatment of the following homogeneous oxidation reaction
(Morioka and Nagasawa, 1991; Ganguly, 2002)
3Fe2þðlÞ þ 1=2O2ðgÞ ¼ 2Fe3þðlÞ þ FeOðsurfaceÞ þ Vl ðaÞ
where l and Vl stand, respectively, for an occupied lattice
site and a vacancy at an Fe2+-lattice site. The relation
[Vl] / f(O2)1/6 follows from the expression of the equilib-
rium constant of the above reaction combined with the
electroneutrality condition that requires [Vl] = 2[Fe
3+(l)],
and the assumptions that (a) the activities of Fe2+(l) and
FeO(surface) remained eﬀectively constant and (b) the
activity of Fe3+(l) is proportional to its mole fraction (in
the spirit of expected Henry’s law behavior). In contrast
to the above relation, Dieckmann and Schmalzried (1977)
found D(Fe2+) in Fe3O4 to vary as f(O2)
2/3 above a
threshold value of f(O2) that depends on temperature. This
is because in pure magnetite, the homogeneous oxidation of
Fe2+ sites leads to the formation of Fe3O4 according to the
reaction (Dieckmann and Schmalzried, 1977)
3Fe2þðlÞ þ 2=3O2ðgÞ ¼ 2Fe3þðlÞ þ 1=3Fe3O4ðsurfaceÞ þ Vo
ðbÞ
The spinels used in the present study are extremely rich in
MgO. This causes a great reduction of the chemical potential
of FeO(surface) and hence its stabilization in a (Fe,Mg)O sur-
face solution. In the spinels, Fe2+ was very likely to have been
completely ordered into the tetrahedral sites, in which case
increasing f(O2) would have caused an increase of tetrahedral
vacancies according to the reaction (a).Fig. 5. Dependence of Cr diﬀusion coeﬃcient in spinel on oxygen
fugacity, f(O2). All data are for diﬀusion at 1 bar and 1100 C using
cut-gem spinel. Vertical error bars indicate ±2r. The set of three
data in the middle are at f(O2) very close to that of the WM buﬀer
(log f(O2) = 10.5 according to the extrapolation of the calibration
by O’Neill (1988). The solid line is a least squares ﬁt to the data and
follows the relation log D = (0.205 ± 0.015)log f(O2)  18.3 ± 0.2.
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because of crystal ﬁeld stabilization energy (CFSE). It is
possible that although we used Cr2O3 as the source of Cr
in our experiments, the valence state of Cr has changed,
at least partly, to the divalent state. This would have caused
a reduction of CFSE in the octahedral site (from (6/5)D to
(3/5)D, where D is the magnitude of crystal-ﬁeld splitting
between the mean energy levels of the t2g and eg orbitals),
but on the other hand, the ionic radius of Cr would have
increased because of the reduction of its valence state,
thereby restricting it completely to the octahedral sites
(r(Cr2+, VI) = 0.73 A˚; Shannon, 1976). Consequently, the
observed f(O2) dependence of D(Cr) and its compatibility
with the dependence of tetrahedral vacancy concentration
on f(O2) suggests that the diﬀusion of Cr in spinel is inﬂu-
enced by tetrahedral vacancies. This ﬁnding seems to be
compatible with that of Murphy et al. (2009) who have
shown by atomistic computer simulations that the preferred
mechanism for the migration of octahedral Al3+ in spinel is
via a vacancy mechanism in the tetrahedral sublattice
rather than its own sublattice. Thus, considering the discus-
sion in the last section, it seems likely that both tetrahedral
vacancies and extrinsic octahedral vacancies aﬀect the
transport of octahedral cations in spinel. Also, if some Cr
in our sample were in the divalent state at the imposed
f(O2) conditions, then the Cr
3+/Cr2+ ratio would have
increased with increasing f(O2) and thus aﬀected the diﬀu-
sivity of bulk Cr if the Cr2+ and Cr3+ have signiﬁcantly dif-
ferent diﬀusivities in spinel.
The temperature dependent minimum in the log D(Fe)
vs. log f(O2) relation in magnetite was explained quantita-
tively by Dieckmann and Schmalzried (1977) by a model
of change of diﬀusion mechanism from an interstitial one
at f(O2) below the minimum to a point defect mechanism,
according to the reaction (b), at f(O2) above the minimum.
At 1100 C, the minimum was found to be at log f(O2)  8.
The Cr diﬀusion data illustrated in Fig. 5 shows a linear
increase of log D(Cr) vs log f(O2) from log f(O2) of 12.9
to 8.8 at 1100 C. Thus, diﬀusion of Cr in spinel in this
study did not take place via an interstitial mechanism at
f(O2) conditions even at four orders of magnitude below
that at which this mechanism became dominant for
diﬀusion of Fe in magnetite. It cannot, however, be ruled
out that a change of diﬀusion mechanism for Cr in spinel
could take place at some even lower f(O2) condition.
2.5.3. Compositional eﬀect on D(Cr)
From analysis of their experimental data on the inter-
diﬀusion of Cr and Al in diﬀusion couples of spinel at high
PT conditions, Suzuki et al. (2008) determined the tracer/
self-diﬀusion coeﬃcients of Al and Cr, and showed that
both log D(Al) and log D(Cr) vary almost linearly with
Cr#, deﬁned as the Cr/(Cr + Al) ratio. The diﬀusion
couples were made from gem quality natural crystals of
nearly pure MgAl2O4 with average composition of
(Mg1.000Fe
2+






O4. From their plot of log D(Cr) vs. Cr#, we get dlog D
(Cr)/dCr# = 0.08 (the same relation also holds for log D
(Al)). This correction may be applied to our data to obtainD(Cr) at higher Cr#. Since both Mg and Fe2+ contents var-
ied within the experimental inter-diﬀusion zones (Fe2+ and
Cr increased in the same direction), the above relation also
absorbs the eﬀect, if any, of increasing Fe2+/(Fe2++Mg)
ratio on D(Cr) in spinel.
2.5.4. Activation energy at constant f(O2) condition
The eﬀective activation energy of diﬀusion retrieved
from regressing log D(Cr) vs. reciprocal temperature at
f(O2) of WM buﬀer has two components, viz. (a) the eﬀect
of change of temperature and (b) the eﬀect of change of
f(O2) due to change of temperature along the buﬀer.
To separate out the two components, we express
ln D = f(1/T, ln f(O2)) at a constant pressure. Thus,
writing the total derivative of ln D and diﬀerentiating both
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The left hand and the ﬁrst right hand term equals,
respectively, Eeﬀ/RT and Eth/RT, where Eeﬀ is the eﬀec-
tive activation energy retrieved from regressing the experi-
mental ln D vs. 1/T data along an f(O2) buﬀer and Eth
stands for the (thermal) activation energy resulting from
the ln D vs. 1/T relation at constant f(O2) condition. Using
Eq. (4), the second parenthetical term is 0.2 (±0.02), and
from the data in O’Neill (1988), the last derivative term is
found to be 74,928. (From thermodynamics, dln f(O2)/d
(1/T) = 2DH/R where DH is the standard state enthalpy
change of the reaction 3FeO + 1/2 O2 = Fe3O4, with the
pure states of the solid phases at P–T and pure gas at
1 bar – but strictly at unit fugacity-, T being chosen as their
respective standard states; DH is eﬀectively independent of
T for a temperature interval of several hundred degrees.)
Using the above identities and values, we obtain from Eq.
(5), Eth = Eeﬀ  124.6 kJ/mol, and hence Eth for cut gem
and gem gravel as 94.4 and 152.4 kJ/mol, respectively.
In nature, f(O2) is usually buﬀered by some oxygen
fugacity buﬀer assemblage. The temperature dependences
of the buﬀer assemblages are not the same as, but compara-
ble to that of the WM buﬀer. Thus, straightforward appli-
cation of the diﬀusion data for Cr in spinel at f(O2) of WM
buﬀer (Fig. 4), with adjustment of Do to appropriate f(O2)
condition according to Eq. (4), may not result in signiﬁcant
errors in the results, especially considering the uncertainties
typically associated with treatment of natural processes.
One could, however, also calculate the activation energy
for a speciﬁc f(O2) vs. temperature relation using Eq. (5)
and Eth value given above.
2.5.5. Comparison with earlier studies
Fig. 6 shows a comparison of our D(Cr) at f(O2) of WM
buﬀer with those of Stubican and Osenbach (1984) in
synthetic MgAl2O4 and D(Cr) data retrieved from the D
(Cr–Al) data of Suzuki et al. (2008), with both data sets
being extrapolated to the P–T conditions of our experi-
ments (1 bar, 950–1250 C). From the relationship between
inter- and tracer-/self-diﬀusion coeﬃcients for inter-
diﬀusion of two equally charged species (e.g. Manning,
Fig. 6. Comparison of Cr tracer diﬀusion in this study (black lines)
with that in synthetic MgAl2O4 spinel by Stubican and Osenbach
(1984) (SO(84) red lines) and D(Cr) at very dilute concentration of
Cr, as calculated from D(Cr–Al) diﬀusion data of Suzuki et al.
(2008) (S(08): blue lines). The solid lines encompass the temper-
ature range of the experimental data, while dashed lines show
95% conﬁdence intervals calculated from the uncertainties of the
reported diﬀusion parameters. Vertical bars represent ±2r errors of
log D(Cr) values for cut-gem (CG) and gem-gravel (GG) spinels.
(For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
Fig. 7. An example of a 53Cr–53Mn evolution diagram. The sample
is from Eagle station pallasite in which a two point isochron is
deﬁned by the Cr and Mn isotopic compositions of chromite-spinel
and olivine separates. Modiﬁed from Birck and Allegre (1988).
28 E.S. Posner et al. /Geochimica et Cosmochimica Acta 175 (2016) 20–351968; Ganguly, 2002), D(i  j) = D(i) as Xi? 0. This
relation was used to retrieve D(Cr) at Cr#  0 from the
Do(Cr–Al) vs. Cr# relation given by Suzuki et al. (2008).
The solid lines in Fig. 6 show the experimental temper-
ature range of the respective data sets, whereas the dashed
lines show the 95% conﬁdence intervals of the Arrhenius
relations (and their extrapolations) of Stubican and
Osenbach (1984: red color) and Suzuki et al. (2008: blue
color). Our data lie within the range encompassed by the
extrapolated Arrhenius relations for the two data sets.
Comparison with the data of Suzuki et al. (2008) involves
a long extrapolation from the experimental pressure range
of 30–70 Kbar to 1 bar, which was done by the authors
using a measured value of eﬀective activation volume along
the C(graphite)–O buﬀer, DV þeff , of 1.36 (±0.25) cm
3/mol.
The activation energy at 1 bar for Cr–Al inter-diﬀusion
determined by Suzuki et al. (2008) is 520 (±81) kJ/mol,
which is much larger than that of Cr diﬀusion determined
in this study. The Eeﬀ determined in this study for the
gem-gravel stock (277 ± 37 kJ/mol) is, however, compara-
ble to that determined by Stubican and Osenbach (1984)
for Cr diﬀusion in synthetic MgAl2O4, which is 306
± 58 kJ/mol. However, this agreement may be fortuitous
since the diﬀusion mechanism in the gem-gravel stock, as
discussed above, and in the pure synthetic MgAl2O4 crys-
tals studied by Stubican and Osenbach (1984) might have
been quite diﬀerent.
The large uncertainties in the extrapolated data sets of
Stubican and Osenbach (1984) and Suzuki et al. (2008) at
the low temperature conditions that are of interest in the
planetary processes (see below) underscore the need for
determination of Cr diﬀusion kinetics in spinel at much
lower temperatures, as has been done in this work. Also,
application of diﬀusion data for synthetic crystals
(Stubican and Osenbach, 1984) is potentially problematicsince synthetic Fe-free crystals could have diﬀusion kinetic
properties that are markedly diﬀerent from natural Fe-
bearing crystals, as demonstrated by Chakraborty et al.
(1994) for olivine.
3. APPLICATIONS TO 53MN–53CR
COSMOCHRONOLOGY
3.1. Cosmochronological method
The 53Mn–53Cr system yields a relative age sequence of








where Dt is the age diﬀerence between the samples I and
II, kMn is the decay constant of
53Mn (0.187337 My1),
55Mn is a stable isotope of Mn, and the subscript o stands
for the initial ratio at the time of closure of 53Cr diﬀusion
in the system. A relative age is converted to an absolute
age by treating one sample in the above relation as an
anchor for which the absolute age is well constrained
(usually this ‘‘anchor” sample is rapidly cooled
angrites LEW86010 or D’Orbigny that have well deﬁned
Pb–Pb ages of 4558.55 ± 0.15 and 4564.42 ± 0.22 Ma,
respectively).
The (53Mn/55Mn)o ratio is determined from the slope of
a linear relation (or isochron) ﬁtted to the measured values
of the 53Cr/52Cr relative to a standard (commonly
expressed as eCr) vs.
55Mn/52Cr ratios of the samples, where
52Cr is a stable isotope of Cr. To aid further discussion, we
reproduce in Fig. 7 a two point spinel (chromite)-olivine
isochron determined by Birck and Allegre (1988) for the
Eagle Station pallasite. The rationale behind this procedure
and the assumption involved may be appreciated from the
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and 55Mn/52Cr ratios.

















where the ﬁrst and last terms on the right indicate,
respectively, the initial Cr isotopic ratio at t = 0 (charac-
terized by a closure temperature Tc(Cr)), and the growth
of Cr isotopic ratio (from the decay of 53Mn to 53Cr)















If the system had remained closed with respect to diﬀu-
sion of Mn since Tc(Cr) and
53Mn had become eﬀec-
tively extinct, then the ﬁrst parenthetical term on the





















Thus, in the deﬁned closed system, a plot of the measured
values of 53Cr/52Cr or eCr vs.
55Mn/52Cr for diﬀerent sam-
ples would deﬁne a linear relation with a slope equaling
(53Mn/55Mn)o. The latter could be substituted into Eq. (6)
to yield the age of a suite of samples relative to that of a ref-
erence suite.
While the assumption of the equality of (53Cr*/55Mn)t
and (53Mn/55Mn)o is satisﬁed for a whole rock, unless it
was aﬀected by mixing with an external source, it may be
invalid for mineral grains of certain size and cooling history
if Tc(Mn) is signiﬁcantly lower than Tc(Cr). To evaluate this
problem, we ﬁrst calculate the closure temperatures of Cr
and Mn diﬀusion in spinel. Also, even if the above assump-
tion regarding the equivalence of the (53Cr*/55Mn)t and
(53Mn/55Mn)o isotopic ratios is valid, a proper appreciation
of closure temperatures of Cr in diﬀerent minerals is impor-
tant to relate the age derived from an internal isochron to
temperature at which the Mn–Cr geochronological clock
was set.
3.2. Closure temperatures of Cr and Mn diﬀusion in spinel
surrounded by a homogeneous inﬁnite matrix
The concept of closure temperature (Tc) was ﬁrst for-
malized in a seminal paper by Dodson (1973), who pro-
vided an analytical solution of Tc as a function of cooling
rate, grain size, crystal geometry and diﬀusion properties
of the species of interest. This widely used formulation is,
however, applicable to systems in which the quenched con-
centration of the diﬀusing species is removed from its con-
centration established at the peak thermal condition by a
critical amount, and in which the matrix behaves as a
homogeneous and eﬀectively inﬁnite medium. Ganguly
and Tirone (1999) developed a modiﬁed version of the Dod-
son formulation, referred henceforth as DGT formulation,
by removing the ﬁrst assumption so it becomes applicableto minerals without any restriction on the amount of diﬀu-
sive loss. Their modiﬁed expression of Tc, expressed in the









where ðdT=dtÞTC is the cooling rate at Tc, a is a characteris-
tic dimension (radius for sphere and cylinder and half-width
for plane sheet), and A0 replaces Dodson’s geometric factor,
A. While A is a constant for a speciﬁc geometry of the grain,
A0 = Aexp(g), where g is a function of a dimensionless
parameter, M, that is given by
M ¼ RDðT oÞ
Ega2
ð10Þ
The relationship between g andM is given in mathemat-
ical and tabular forms by Ganguly and Tirone (1999, 2001)
respectively. In the above equation, D(To) is the diﬀusion
coeﬃcient at the peak temperature, To, and g is a cooling
time constant (with dimension of K1 t1), which relates






This form of T–t relation was also used in the original
closure temperature formulation of Dodson (1973). While
in Dodson’s formulation, Tc is independent of To, the
appearance of the D(To) term in Eq. (10) makes Tc depen-
dent, in general, on To. This dependence vanishes when M
exceeds a critical value that depends on the crystal geome-
try (0.3 for a sphere, 0.5 for a cylinder and 1.2 for plane
sheet) (Ganguly and Tirone, 1999). In Eq. (9), one can
use a cooling rate at any temperature, T0, instead of that
at Tc, by replacing the Tc term in the numerator by T
0.
For brevity, a Tc calculated on the basis of Eq. (9) will be
often referred to as DGT–Tc.
We have used the online software package of Ganguly
and Tirone (1999) (http://www.geo.arizona.edu/~ganguly/
pub/DIFF-CL) that solves Eq. (9) to calculate the closure
temperatures (Tc–s) of Cr and Mn in spinel as a function
of To, radius (r) and cooling rate at speciﬁed f(O2) condi-
tions. For Cr, we have used our experimental diﬀusion data
for both stocks of spinel, gem-gravel and cut-gem, as given
above and illustrated in Fig. 4. Fig. 8 shows the calculated
Tc(Cr) vs. cooling rate for speciﬁc values of To and r, using
the D(Cr) data at the WM buﬀer. The lowermost blue line
illustrates the eﬀect of increasing the Cr# to 1 for
r = 0.5 mm and To = 900 C. It should be noted that the
calculated eﬀect of increasing of Cr# from 0 to 1 also
absorbs the eﬀect of increasing Fe2+# (i.e. Fe2+/(Fe2+ +
Mg)) from 0 to 0.5, as discussed above (Section 2.5.3).
The main body of Fig. 8 is for diﬀusion data for cut-
gems, whereas the inset shows the diﬀerence in the Tc values
corresponding to the two sets of diﬀusion data. The two sets
yield almost the same Tc for To = 900 C, but the DTc could
be as much as 50 C for To = 1100 C with Tc (cut-gem)
being lower than Tc (gem-gravel). The cooling rates plotted
on the horizontal axis are the initial cooling rates. These
may be converted to the cooling rate at any other tempera-
Fig. 8. Closure temperature (Tc) of Cr-diﬀusion in spherical grains
of spinel (Cr#  0) as function of initial temperature (To) at the
onset of cooling and grain size using the diﬀusion data for ‘‘cut-
gem” spinel at f(O2) of the WM buﬀer. The inset shows the
diﬀerence between the closure temperatures corresponding to the
diﬀusion data for cut-gem and gem-gravel stocks of spinel. The
blue line shows the estimated compositional eﬀect on Tc(Cr) for
spinel with Cr#  1, r = 0.5 mm and To = 900 C. (For interpre-
tation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
Fig. 9. Comparison between closure temperatures (Tc) for Cr (this
study: cut-gem) and Mn diﬀusion in spherical grains of spinel with
initial temperature (To) of 1100 C. The D(Mn) data have been
approximated by D(Fe2+) data from Liermann and Ganguly
(2002). The top red line shows the Tc(Cr) in spinel for r = 2.0 mm
and To = 1100 C at f(O2) = WM  3. The f(O2) for the Mn curves
is deﬁned by the C(graphite)-O buﬀer, which is below WI buﬀer at
T > 600 C. The dotted blue line shows the estimated composi-
tional eﬀect on Tc(Cr) for spinel with Cr#  1 and r = 0.5 mm.
(For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
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2
which follows from the T–t relation given by Eq. (11).
Since no data for Mn diﬀusion in spinel are available as
yet, we have assumed D(Mn) to be the same as D(Fe2+) in
spinel that has been determined by diﬀusion couple experi-
ments by Liermann and Ganguly (2002). This is a reason-
able approximation since Mn and Fe are nearest neighbor
transition metals in the periodic table, and have very similar
ionic radii in the divalent state in fourfold oxygen coordina-
tion (r(Mn2+) = 0.66, r(Fe2+) = 0.63 A˚) (Shannon, 1976).
Experimental studies using natural almandine–spessartine
diﬀusion couples show D(Mn2+) to be 0.5 log unit greater
than D(Fe2+) at 750–1050 C (Chakraborty and Ganguly,
1992). Thus, the use of D(Fe+) as a proxy for D(Mn2+)
may somewhat overestimate the closure temperature for
Mn diﬀusion in spinel and, thus, would not aﬀect our con-
clusions about the potential consequence of diﬀerential clo-
sure temperatures of Cr and Mn in spinel and other
minerals for which D(Fe) is used as a proxy for D(Mn).
The Arrhenius parameters (Do and E) given by
Liermann and Ganguly (2002) for Fe2+ diﬀusion in spinel
are at 21 kb pressure and f(O2) deﬁned by C(graphite)–O
equilibrium. They have, however, provided a rough esti-
mate of DV þeff of 6 cm
3/mol for the Fe2+ diﬀusion at f(O2)
of the C(graphite)–O buﬀer (likewise E, DV þeff also depends
on the pressure dependence of f(O2) for a given buﬀer – see
Ganguly et al., 1998b). Using this DV þeff , we have adjusted D
(Fe) to 1 bar; the corresponding f(O2) at 1 bar, deﬁned by
the graphite buﬀer, falls below IW (iron–wu¨stite) buﬀer
condition at T > 600 C (French, 1966).
The calculated closure temperatures for Cr and Mn in
spinel as a function of initial cooling rate and grain size
are compared in Fig. 9; the initial temperature, To, is
assumed to 1100 C for all calculations illustrated in this
ﬁgure. For Cr, all but the top curve (red) and bottom (blue,
dotted) curves have been calculated using D(Cr) at WMbuﬀer f(O2) conditions and Cr#  0. For the top curve,
we used D(Cr) at Cr#  0 at f(O2) that is three orders of
magnitude below the WM buﬀer (WM  3) and r(grain
radius) of 2.0 mm. One may develop an appreciation of
the eﬀect of f(O2) on Tc(Cr), which is needed for application
of the closure temperature calculation to natural samples,
especially meteorites, by comparing the results for the
2 mm radius grain at f(O2) conditions of WM and
WM  3 and Cr#  0. The lowermost Tc(Cr) curve (blue,
dotted) shows the eﬀect of adjusting D(Cr) to Cr#  1 at
f(O2) of the WM buﬀer, according to the relation in the
Section 2.5.3.
The data illustrated in Fig. 9 show Tc(Mn) to be at least
300 C lower than Tc(Cr) for cooling rates between 1 C/
My and 500 C/My and grain size (radius) of 0.5–2 mm.
If D(Mn) has a positive dependence on f(O2), which should
be the case if Mn diﬀusion is mediated by point defects
resulting from homogeneous oxidation of Fe2+, then the
Tc(Mn) at f(O2) of the WM buﬀer should be somewhat
lower than that illustrated in Fig. 9. Thus, the diﬀerence
between Tc(Cr) and Tc(Mn) in spinel could be even greater
at the same f(O2) condition. A survey of Cr
3+ (Ito and
Ganguly, 2006; Ganguly et al., 2007) and divalent cation
(M2+:Fe, Mn, Mg) diﬀusion data for olivine and pyroxene
(Ganguly and Tazzoli, 1994; Dohmen et al., 2007;
Morioka, 1981) also show Cr diﬀusion to be much slower
than M2+ diﬀusion in those minerals. Thus, Tc(Mn) in these
minerals should also be expected to be considerably lower
than their Tc(Cr).
In addition to Tc for Cr and Mn in spinel, we have also
calculated Tc(Cr) in olivine and orthopyroxene, according
to Eq. (9), as a function of To, grain size and cooling rate,
using the available diﬀusion kinetic data (Ol: Ito and
Ganguly, 2006; Opx: Ganguly et al., 2007) and assuming
a homogeneous inﬁnite matrix (the cited authors also calcu-
lated Tc(Cr) for diﬀerent sets of conditions). In the diﬀusion
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f(O2) was controlled to that of IW buﬀer conditions by a
ﬂowing mixture of CO and CO2, as in this study. The D
(Cr) data for olivine by Ito and Ganguly (2006) at 1100 
C at f(O2) of IW and IW + 2 show a slight negative
dependence of D(Cr) on f(O2). Subsequently, Ganguly
et al. (2007) found a mild negative dependence of D(Cr)
in orthopyroxene on f(O2) at 950 and 1100 C, and
explained it in terms of a combination of vacancy mediated
and interstitial diﬀusion mechanism. At any rate, the
observed f(O2) eﬀects on D(Cr) in both olivine and orthopy-
roxene are too small to make any signiﬁcant diﬀerence on
Tc(Cr) if the D(Cr) is adjusted to the f(O2) of WM buﬀer.
The results for Tc(Cr) of olivine and orthopyroxene vs.
cooling rate for a spherical grain of 2 mm radius and To
of 1100 C are compared with Tc(Cr) in spinel with
Cr#  0 and 1 for the same set of conditions in Fig. 10.
Cr diﬀusion in olivine and orthopyroxene has been found
to be anisotropic. Thus, we show two sets of Tc for each
mineral using the limiting values for the anisotropic diﬀu-
sion since the problem of closure temperature of minerals
with an anisotropic diﬀusion property has not yet been
solved. For spinel, we have illustrated Tc vs. cooling rate
for 2 mm grain size of spherical geometry using diﬀusion
data for both cut-gems (dotted line) and gem-gravel (solid
line).
The closure temperature data illustrated in Fig. 10 show
that for a speciﬁc set of conditions, the DGT–Tc(Cr) in spi-
nel could be higher than or comparable to that in olivine
and orthopyroxene, depending on the Cr# in spinel and
the dominant direction of diﬀusive ﬂux out of the anisotro-
pic minerals. If the Cr# in spinels is very high, as seems to
be the case for the spinels used in 53Mn–53Cr cos-
mochronology, then the DGT–Tc(Cr) in spinel could beFig. 10. Comparison of closure temperatures (TC) of Cr between
spherical grains of spinel, orthopyroxene and olivine for To = 900 
C and radius of 2 mm. Solid lines represent Tc for diﬀusion parallel
to the c-axial or the fastest diﬀusion direction in olivine and
orthopyroxene, and that for diﬀusion data for gem-gravel spinel
(faster of the two stocks used in this study). Dotted lines represent
the Tc for diﬀusion parallel to the a-axial or the slowest diﬀusion
direction in olivine and orthopyroxene, and for diﬀusion data in
cut-gem spinel. The lowest (blue) line for spinel shows the
estimated compositional eﬀect on Tc(Cr) for spinel with Cr#  1.
(For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)similar to that of orthopyroxene or even olivine, depending
on the dominant direction of diﬀusive ﬂux of 53Cr into/out
of the anisotropic minerals. In reality, the Tc of the diﬀerent
minerals would become coupled, as discussed below, if they
are not physically separated beyond the range of eﬀective
chemical communications.
3.3. Potential implication of diﬀerential closure temperatures
of Mn and Cr for 53Mn–53Cr cosmochronology
To analyze the potential implication of the diﬀerential
closure temperatures of Cr and Mn in spinel and other min-
erals, we ﬁrst note that the (53Mn/55Mn)o ratio in a mineral
grain can be expressed as follows if no diﬀusion of Mn into














where the t0 indicates an elapsed time since Tc(Cr) of a min-
eral within which 53Mn was still extant, and the ﬁrst and
second right hand terms stand, respectively, for the growth
of 53Cr*/55Mn during t0 from the decay of 53Mn and the
normalized residual of 53Mn. Since it was produced by
the decay of 53Mn at a lower temperature than Tc(Cr),
the 53Cr* produced during t0 would have remained ﬁxed
within a mineral grain. However, the requirement of ther-
modynamic equilibrium would lead to a Mn isotopic
exchange reaction of the following type between two miner-
als within the temperature interval deﬁned by Tc(Cr) and
Tc(Mn), henceforth referred to as DTc(Cr–Mn), unless they
were too far apart for isotopic exchange at the imposed T–t
condition.
53MnðspinelÞ þ 55MnðolivineÞ
$ 55MnðspinelÞ þ 53MnðolivineÞ ðaÞ
Thus, if a mineral lost 53Mn (and, therefore, gained
55Mn) at T < Tc(Cr) (e.g. the above reaction was driven
to right and the mineral of interest is spinel), then 53Cr*
accumulated within the mineral since Tc(Cr) would be less
than that resulting from the closed system decay of 53Mn
since Tc(Cr), and vice versa. Consequently, equating
(53Cr*/55Mn)t to (
53Mn/55Mn)o, as has been done in deriv-
ing the Mn–Cr geochronological equation Eq. (8) from Eq.
(7) may involve some error, depending on the cooling his-
tory of the rocks, initial temperature, grain size and extent
of redistribution of Mn isotopes among minerals within the
time interval of DTc(Cr–Mn). It, however, remains to be
analyzed by numerical simulation, which we intend to
undertake as a future study, if the errors are signiﬁcant
for plausible planetary scenarios.
To get a feeling for the spatial extent of Mn diﬀusion
that could take place within a spinel grain during cooling
since Tc(Cr), we calculate the ‘‘characteristic” diﬀusion
lengths of Mn in spinel for a prescribed T–t path following
the closure of Cr diﬀusion in spinel. For isothermal diﬀu-
sion, the characteristic diﬀusion length (Xch) is given byﬃﬃﬃﬃﬃ
Dt
p
. It can be easily shown (e.g. Crank, 1975; Ganguly,
2002) that for non-isothermal diﬀusion, XCh ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃR
DðtÞdtp ,
if the diﬀusion process does not involve any interface
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as
ﬃﬃﬃﬃﬃﬃﬃﬃﬃhDtip . Several earlier studies (e.g. Kaiser and
Wasserburg, 1983; Chakraborty and Ganguly, 1991;
Ganguly et al., 1994) have used this integral quantity to
treat non-isothermal diﬀusion problem using solution for
isothermal diﬀusion equation.
Now, for the form of cooling T–t path represented by
Eq. (11), it can be shown thatZ t
o
Ddt  hDti ¼ DðT refÞ
g0
ðeg0t  1Þ ð13Þ
(Ganguly et al., 1994), where D(Tref) is the diﬀusion coeﬃ-
cient at a reference temperature, t is the time lapse since Tref
(t = 0) and g0 = Eg/R. We set Tref as the Tc(Cr) in a spher-
ical spinel grain of 0.5 mm radius for cooling rates of 5, 25,
125 C/My at 1373 K. Using t = 3.7 Myr, which is the half-
life of 53Mn, g values corresponding to the speciﬁed cooling
rates, according to Eq. (11), and the data for the estimated
Mn diﬀusion in spinel, we get XCh  2–3 mm, which is
much larger than the prescribed spherical grain size of
0.5 mm radius. Increasing the grain size would raise the Tref
and hence XCh. From the available diﬀusion data, compara-
ble diﬀusion lengths of Mn are also expected in olivine and
pyroxene between Tc(Cr) and Tc(Mn).
Papanastassiou et al. (2005) found that the 53Mn–53Cr
age of CAIs in Allende, determined on the basis of
‘‘isochron” deﬁned by pyroxene and spinel separates is
inconsistent with the age derived from the 26Al–26Mg sys-
tem, and suggested that ‘‘alteration of the inclusions has
resulted in disturbed Mn–Cr systematics, through diﬀusion
of Mn”. Diﬀusion is a thermally activated process, and
thus alteration per se does not induce volume diﬀusion
within a crystal. However, volume diﬀusion of Mn iso-
topes could have been induced if the alteration had taken
place above Tc(Mn). Go¨pel et al. (2015) have discussed
evidences for disturbance of the Mn–Cr system and sug-
gested ‘‘very slow cooling history of the parent body” as
a possible cause of this disturbance. This is compatible
with the analysis presented above that show that there is
a signiﬁcant thermal window deﬁned by DTc(Cr–Mn)
within which the Mn isotopic property of a mineral could
get disturbed by diﬀusive ﬂux of Mn isotopes into/out of
the minerals, depending on the nature of the matrix
phases.
3.4. Closure temperature of 53Mn–53Cr internal isochron
If the parent nuclide of a decay system closes at a tem-
perature above that of the daughter nuclide, then the
Tc of the decay system in the mineral is that of the latter,
if the condition of a homogeneous inﬁnite matrix is satis-
ﬁed. However, if the closure temperatures (Tc–s) have the
reverse order, then the situation becomes complicated,
and the closure temperature of the decay system is not
the lower of the two Tc–s since the daughter product would
have started accumulating at higher temperature beginning
with its own Tc. There are also additional complications
that have been discussed with the aid of numerical simula-
tions by Bloch and Ganguly (2015) with respect to Lu–Hf
garnet-whole rock ages, in which DGT–Tc of the parentnuclide, 176Lu, is signiﬁcantly lower than that of the
daughter nuclide, 176Hf, which is analogous to the situation
for the 53Mn–53Cr system. In the discussion that follows, we
ignore the type of complications discussed by Bloch and
Ganguly (2015) simply because we have not done a quanti-
tative analysis of the problem as yet, but discuss the closure
temperature of 53Mn–53Cr internal isochrons assuming that
for any mineral in the isochron, the Tc is primarily deter-
mined by that of Cr, as would be the case for relatively
rapidly cooled rocks for which there would be no signiﬁcant
diﬀusive exchange of 53Mn within the time interval between
Tc(Cr) and Tc(Mn).
In a bi-mineralic system, say spinel and olivine or pyrox-
ene, there must be a unique closure temperature of the dif-
fusing species that can exchange between the minerals, and
in general be diﬀerent from the DGT–Tc of either mineral
(this statement also holds for multi-mineralic systems and
DGT–Tc–s of the minerals). Jenkin et al. (1995) presented
numerical simulations of coupled closure temperature,
which they refer to as apparent closure temperature, T
(app), of a bi-mineralic system with diﬀerent relative vol-
umes and grain sizes. They showed that the T(app) would
lie essentially between the two limiting Dodson Tc–s
(Dodson, 1973) that were calculated assuming that each
mineral was surrounded by a homogeneous inﬁnite reser-
voir (HIR) for the diﬀusing species, provided that there
was fast diﬀusing grain boundary network. The T(app)
could even be the same as the Dodson Tc of the fast diﬀus-
ing mineral when the amount of small rim volumes of the
slow diﬀusing mineral through which volume diﬀusion
was eﬀective was suﬃciently large to act as a HIR (in a
modern context, the Dodson Tc should be replaced by
DGT–Tc). For
53Mn–53Cr chronometry, this would be the
case where olivine or pyroxene is embedded in a large poly-
crystalline matrix of spinel; the T(app) would be close to the
DGT–Tc of spinel despite the fact that it has slower diﬀu-
sion property for Cr.
Jenkin et al. (1995) also showed that for certain combi-
nation of grain sizes of the two minerals, T(app) could be
higher than Dodson Tc of both minerals. They explained
this to be a result of each mineral behaving as a ﬁnite reser-
voir for the diﬀusing species. An example for such a situa-
tion could be the olivine-chromite aggregates in the Eagle
Station pallasite (Fig. 7) in which ﬁne-grained spinels are
usually embedded in centimeter size olivine crystals (Birck
and Allegre, 1988).
4. SUMMARY AND CONCLUSIONS
We have determined the Cr diﬀusion kinetics in two
stocks of gem quality spinels that have very similar major
element chemistry (cut-gem: Mg0.99Fe0.01Al1.99O4; gem-
gravel: Mg0.98Fe0.02Al1.99O4) as a function of temperature
(950–1200 C) and f(O2) (WM± 2) by tracer diﬀusion
experiments. Surprisingly, the diﬀusion coeﬃcient in the
cut-gem stock was found to be consistently smaller (0.6–
1.0 log units) than that of the gem-gravel stock, despite
the similarity of their major element chemistry, but the data
sets for both deﬁne well constrained Arrhenius relations.
According to an earlier study (Suzuki et al., 2008), Cr dif-
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Cr#. This eﬀect has been incorporated to extend the
domain of applicability of our data to spinels with high
Cr# that are typical of those used in the construction of
53Mn–53Cr internal isochron of meteorite samples.
The diﬀerence between the diﬀusivities of Cr in the two
stocks is probably a consequence of that in their trace ele-
ment content, especially Ta5+, which substitutes in the octa-
hedral sites of spinel. Replacement of divalent or trivalent
cations by Ta5+ causes formation of positive ion (extrinsic)
vacancies, and thus could facilitate diﬀusion of Cr, which
also substitutes in the octahedral sites, regardless of
whether it is in divalent or trivalent state. The Ta content
of the cut- gem spinel is below the detection limit whereas
it is 350 ± 60 ppm in the gem-gravel stock that showed
faster Cr diﬀusion.
The diﬀusion coeﬃcient of Cr has 1/6th power depen-
dence on f(O2). This type of f(O2) dependence is expected
for diﬀusion mediated by vacancies created from homoge-
neous oxidation of Fe2+ in the lattice sites (tetrahedral sites
in spinel). Thus, the diﬀusion of Cr in spinel seems to be
inﬂuenced by vacancies in both tetrahedral and octahedral
sites.
At the same T–f(O2) condition, the D(Cr) in spinel
determined in this study is much smaller than that in oli-
vine and orthopyroxene, as determined in earlier studies.
However, since D(Cr) in spinel increases with increasing
Cr#, the DGT–Tc(Cr) for spinel could be signiﬁcantly
higher or comparable to that for orthopyroxene or oli-
vine, depending on the Cr# in spinel and the dominant
directions of diﬀusive ﬂux of Cr in the anisotropic min-
erals. We have discussed the implications of the diﬀer-
ence in Tc(Cr) values for the closure temperature of
53Mn–53Cr internal isochron that involves spinel and
one of the other minerals assuming that the Mn isotopic
properties of the minerals were not aﬀected after closure
of Cr diﬀusion.
A full evaluation of the closure problem of the
53Mn–53Cr decay system not only requires diﬀusion data
for Cr, but also that for Mn in the minerals used to deter-
mine internal isochrons. Unfortunately, the appropriate
data for Mn diﬀusion are still lacking. However, crystal
chemical considerations and available diﬀusion data sug-
gest that D(Mn2+) is likely to be almost as large, if not
slightly larger, than D(Fe2+). Consequently, Tc(Mn) should
be expected to be much lower than Tc(Cr) in spinel, olivine
and orthopyroxene. The anticipated diﬀerence between the
closure temperatures of Cr and Mn could be potentially
problematic for the determination of the (53Mn/55Mn)o
ratio from internal 53Mn–53Cr isochrons, and thus the rela-
tive 53Mn–53Cr ages of samples.ACKNOWLEDGMENTS
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